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Abstract

A viterbium jon stan dard is currently under de .
velopment at J PL for both ground and spacc ap
plications. We have €195 | (hie yterbium jon for
it large hyperfine splitting of 12.6 GHz, and ac -
cessibility of its first excited electionic € crgy lev-
cls with light from frequency- doubled seiniconductor
and solid statelasers. Performng microwave-optical
double resonance spectroscopy W¢ have achieved 25
mHz Ragey fringes with a signal-to noise ratio ¢
tcr than 350:11in the shot noise limit, which corre-
sponds to an inferred stability on the order of 1.8 x

101/

Introduction

A ytterbium ion standard has been under devel-
opment at J]'], for ground and space applications.
The trapped mercury on standard has achieved {rac-
tional frequency stability of 7 x 10 M\ for 20s <
7< .10, ()()(s and hasmade possible stabilitics of 7 x
10- ' at 100,()()0” scconds of averaging time, aperfor-
mance unsurpassed by any other frequency st‘-andard
[1,?]. However ytterbium 1s also an attractive jon
for frequency stan dards applications since prepara-
tion and observation of i1ts clock transition at 12.5
GHez may be made utilizing compact semiconductor
orsolid state laser systeins [3,4]. This feature €0 -
ables designs methodologies that reduce the size and
themassof the standard withoutnecessarily comypro-
mising its perforinance. Italso allows laser cooling
[5- & of theions toimprove stability performance of
the 140 dard. Thus a smallion standard basedon
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Figure L ]]yp(grﬂxlqlstructure of the ground and first
excited states in?®'" Yb!

vtterbiuin could be ideal for spacecraft applications.

In aprevious paper [9] we had described results
on the laser spectroscopy of ytterbium ions trapped
in a lincar rf/dc hybrid trap. In th ¢ present work
we report on observation of Ramsey fringes obtained
by excitation of the clock transition. Here again a
laser was used to preparcandinterrogate the ions.
The resulting signal and the observed line Q of the
jons allow US toinfer stability of a standard based an
this scheme. Since the 12.5 Gz ground gtate hyper-
fine trausition of y(terbium is about four times more
susceptibleto magnetic ficldperturbations than the
corresponding transition mm the mnercury jon, we also
have perforined an extensive study to characterize
the magnetic sensitivity of ytterbium in our partic-
ular trap configuration. Despite its apparcut ad-
vantages, ytterbium has diflicultics with population
trapping which effectively removes the 1on from the
eyching process [9- 14].  Wehave also studied this
problemm and determined a M¢@ s for effectively re-
ducing population trapping influences. Finally, we
will describe future Plalis to perforin actual stability
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Figure 2: Simplified experimental setup used to carry out spectroscopy on trapped Yh jons.

mcasurcinents with the ytterbivm jon standard.

Experimental setup

The ytterbium isotope 171 ion has a hyperfine strue-
ture shimlar to the mercury isotope 199 ion, with
an energy splitting corresponding to 12.64 Gllz, as
comparcd to mercury ’s 40.5 GHz. Its "']’1/9 or *Pa/;
excited states can be reachied from the ground state
with 369mm or 329mmn radiation resp ectively (see fig
1). Theuse of lasers for optical pumping yttcr-
biumions readily lecads to a ten fold improvement
in the signal-to-noise ratio (S NR) over 1 icrcury g
lainp based systemn, while only giving up a factor of
40.5/12.6 inline Q for equivalent interrogation times.
Since the shiort term stability is given by

1 1 {
o(7) x Q0 SN h/ )

(where Qg is the line Q = f/6f, and 1; is the total
cycle time from one measurement to the next) there
is the potential for a two to three fold iimprovemnent
in the snort terim stability. In our experiment we
were able to cycle the ions, a process that scatters

maly optical photons for eacl)microwave phioton ab-
sorbed. This was accomplished throu gh excitation of
the (SJ/,,1: 1) <> (*Pajo,F: 2) transition while only
pumping in the doppler wings ot the (? Sipz¥= 1)
<y ("l aj2.F: 1) clearing transition. I he cycling of
the (“Syj2.F: 1) <> (*Pyy2,1: 2) transition is possi-
ble duc to the narrow linewidth (- 1 MHz) of the
laser and large 1."7 Glz hyperfine splitting of the
?]’3/;, state.

Figure (2) shows the experimental setu p used to
study the cddack transition in trapped ytterbiumions.
Thehybridlinear rf/dc trap, which is modcled after
the one first used with inereury ions at JP1 [15]),
is comp oscdof four rf clectrodes in the form of rads
withdimensions of 3.18 mm in diameter and 88. 9 mm
long. The rods are con figpured cqually $p aced with
their centerona 17.48 1 diamncter circle. Hollow
cylindrical dc endeaps with inner radii of 1.191mm
and outer radii of 3.18 iy are placed on the axis
of the quadrupole trap. The endcaps protrude into
the trap 15.24 nun from the end, leaving a total trap
length of 58.421mn from endcap to endeap. The of-
fective trap length, or length of the ion cloud, i the
trap depends 011 the de voltage applicd to the end-
caps. Vor our experiment an rf drive amplitude of
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Figure 3: Resonance lineshape spectra vs. uv-laser power. (a) Laser power ~ 50 nW. (b) Lascr power ~ 250

nW.

110 Vs s al 4S3 kllz was applied ons the four rods,
with - 15 de volts applied on the endeaps. To re-
duce the efleet of rf heating on the jons a hielion
bufler gas was introduced through a quartz leak to
collisionally cool theions, In addition, uitrogen gas
was introduced through a variable leak to collision .
ally quench thelower lying inctastable states, which
otherwise contain the ionsin a "dark” state. The
helium background in the trap was maintained at a
nominal pressure of 1 x107 ° torr while the nitrogen
pressure was 8PP roximately Ix 107 ¢ torr. We esti-
mate that these parameters allow the trap to hold a
9111111 diamcteicloud of 107ions. The mixture of ni-
trogen and helivm was quite eflective in caoling the
ionclovdand quenching the dark state.

The 471(1)0s7Sy 0 <> a5 S)Y6p* Y572 transition
was excited using 328.9 1 radiation &€t icrated by
a coherent 699-21 ring dye Jaser running with 1 )CM
special Jaser dye and a1, mh acavity lithium iodate
doubling erystal. Up to 2 milliwatts of uv power was
generated in this manner, and a homemade hollow
cathode lamp was used to maintainthe laser was on
resonance. Inorder to movethe trap away from the
large magnetic ficlds associated with the argonion
laser andstainless sted opticaltable the uv-radiation
was then injected into @10 meter length of fiber optic
cable and introduced axially into the trap.

The magnetic field inhomogeneities associated
with the argonion laser and steel optical table, as
wellasthe ambient earth’s field, arc quit large, lcav-
i g avery poor environment for carrying out preci
sion spectroscapy on the hyperfine structure of au
atamn. lor this recason it was necessary to place the
ion trapinside a three axis sctof five focal diamncter

Hcehinholtz coils. With this set up we were able to
cancel the ambient magnetic field in the room and
set, up a ma guctic ficld environmment stable enough
to allow greater than 20 sccond coherence times.

Optical Resonance Lineshapes

Resonance fluorescence lineshapes at two different
lascr powers are shown in figur ¢ 4. Lower optical
power improves the signal to noise by reducing the
backgrowt d geattered light and iimproving the pho-
ton counting efficiency by ensuring the counting sys-
tem isrunning below saturation). Axial temperature
mcasurements are aso nnproved by reducing the ar-
tificial narrowing of the the resonance Jine by rapid
pumnping of the jons into an alternate level while the
laser is scanning through the transition.

Microwave-Optical 170U ble Resonance
Spectlroscopy

Ratnsey fringes were obtained by first preparing the
lonsin the (281/;,,}’: 0) state through optical pump-
ing by tuning the laser 1o overlap the SIVPIR N
¢»>(*Pa 0, F= 1 transition.  With the laser off the
ionswere irradiated with a pair of 400nsa /2 mi-
crowave pulses scparated by a time ;. M the -
crowave frequency matched the energy splitting of
the ground state hyperfine levels the ions wouldbe
cffectively transferred from the (7 S172,F:0) backup
to the (%.,/2,1': 1) level. The Yaser which was tuned
to overlap the (7S /217 1) < (*Pas2,F= 2) transi-
tion was then turned on and the ion fluorescence was
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Figure 5: 25 mlz ramsey fringes corresponding to a
20 sccond separation between 7 /2 pulses.

momitored for two seconds, I'helevel of fluorescence
corresponds to the number of ions in the upper hy -
perfine state, which in turn depends on how close the
microwave frequency matel jed the cnergy difference
Letween the ground state hyperfine levels. Oncee the
fluorescence was recorded the laser was then S¢ann ¢d
over the(” Sy, 1) <5 (PPgy2,: 1) transition to
ensure all theionswerebackinthe ("'S]/Q,F: 0) level
and ready for the nextpair of microwave pulses. Fig-
ures 4 and 5 show the cffect of slowly stepping the
microwave frequency after cach pair of inicrowave
pulses.

As shown in fig ure 5 we achieved 25 mllz Ram-
scy fringes with single shot photon counts of 130.000
above a 50,000 count background; this corresponds
to a signal-to noiscratio exceeding 350:1in theghot
noise limit, and inferred stability of oy(7) ~ 1.8 2
107 arq(7). 1is clear from figure O that we arc
not yet rcalizing the full 350:1 SNR, probably he-
cause of Magnetic field fluctuations. At the 100

mgauss magnctic field that we set up to scparate the
AMpz () fromthe AMp=d 1 transitions the transi-
tion frequency sensitivity to magnetic fluctuations
is62tiHz/mgauss. Thercdatively high seusitivity of
the 12.64 Gz resonance transition to magnetic fluc-
tuations coupled with the lack of magnetic shiclds
in our present experimental SYSWC g prohibits actual
measurements of long term stability.

Zceman and Motional Sideband
Spectroscopy

‘ J he frequency of  the (*Syj2 F: 0Mp: 0) <»
( Sy =1, Mps O) wransition in the presence of a
magnetic fidd is given by

9

B ;
Vo, -t 311 ( >
: ] pauss

Since we are interested in fractional frequency sta-
bilitvand this function hasa quadratic nature it is
desirable to work at values of appliednagnetic field
as low as possible since the sensitivity to magnetic
fluctuations is givenby

B, Hz .
: G2 ( b ) )
B- ”0 ] £a1ss £auss

With this inmind we decided toinvestigate the Zee-
man and motional sidebands at various orientations
of theapplicd static magnetic field (C- ficld) with re-
speet to the microwave polaniz ation and trap axis
orientation. Shinilar work was carried out by Fuders
ct. al. on ytterbivin ions confined in a hyperbolic
trap [16].

Figures6aud 7 each show 26 possible magnetic
field orientations that almost completely mayp out all
possible orientations. They were obtained by tuning
the laser to overlap the (*Sy 2,k 1) <> (“Py0 b= 1)
transition while scanning the nicrowaves 500 kHz
m a phase continuous manner over ayperiod of
10 sc conds and summing together 50 sca ns. The
total static magnetic field was kept constant at
approximately 86 mgauss and the following static
magnetic ficdd orientations were setup, B(xo vz y -
(0.,0,41); (0.4 1,0); (:1' 1 ,0,0); (0,:41,41);(1,0,:41);
(;{])-_1])());(:] 1,11,1 1). The trap axis is oriented
along th ¢ x dircction.  Pigure 6 shows the 26 static
maguetic field orientations when the microwave po-
larization was oriented perpendicnlar 1o the trap
axis, and fig ure 7 shows the same 26 nagnetic field
oricutations with the microwave polarization ori -
ented parallel to the trap axis. Inboth cases the the
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Figure G: Zecman and motional sideband spectra at §6 mgauss total magnetic fieldand microwave polarization
parallel tothe trap axis. The positions indicated onthe spheres correspond to the 26 static C-field orientations
B(x,yz): (0,04 1); (04 1,0); (4 1,0,0); (0,414 1); (41,0,4 1); (41,4 1,0); (41,41,21).




Figure 7: Zeeman and motions] sideband spectraat 86 mgauss total magnetic field and microwave polarization
perpendicular to the trap axis. Vhepositions indicated onthe spheres correspondtothe 26 static C-field

orientations (B (X Yaz) = (0,0,4 1); (0,4 1,0); (4 1,0,0); (0,:41,4 1); (4 1,0,:1 1); (4 1,+1,0); (4.1,4 1,4 1)].



wicrowave propagation dircction was perpendicular
to the trap and oriented in the z-direction.

Conclusion

We have carried out extensive microwave optical
double resonance spectroscopy of trapped Py b7 gy
order to determine the feasibility of ytterbiuim as the
active atomn in a trapped ion frequency standard. An
inferred stability onthe order of 1.8 X 10 *has been
obtained with 25 mHz Ramscy fringes. 1 heseres plis
show great promise for yiterbium as a candidate ion
inafrequency standard, weintendto perfonm ac -
tual stability mcasurements in the near future after
the addition of magnctic shields, which arc needed
to reduce the cffect of environmental magnetic fluc-
tuations on the splitting of the 12.64 GHz inicrowave
Tesonance transition.

A new jon trap and vacuum system s currently
under design with emphasis on small size, case of
magnetic shiclding, and high plaoton collection effi-
ciency. The collection efficiency of the current sys-
tem is only ~ 0.1% which can casily be iiproved ten
to fifty fold. In addition, the current systemn is not
suited for the addition of magnctic shiclds which are
necessary to perform stability measuramnents.

While the design and fabrication of the next gen-
cration viterbium systern is taking place we will fur-
ther study the I fluence of different bufler pases on
the lifetime of yviterbium’s meta-stable states. The
construction of a stabilized compact .369 mn laser
source will also be addressed so that ytterbium will

be able to advance to a stand alone field frequency
standard.
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